Hippocampus volumetry is a useful surrogate marker for the diagnosis of Alzheimer disease, but it seems insufficiently sensitive for the aMCI stage. We postulated that some hippocampus subfields are specifically atrophic in aMCI and that measuring hippocampus subfield volumes will improve sensitivity of MR imaging to detect aMCI.
MATERIALS AND METHODS:
We evaluated episodic memory and hippocampus subfield volume in 15 patients with aMCI and 15 matched controls. After segmentation of the whole hippocampus from clinical MR imaging, we applied a new computational method allowing fully automated segmentation of the hippocampus subfields. This method used a Bayesian modeling approach to infer segmentations from the imaging data.
RESULTS:
In comparison with controls, subiculum and CA2-3 were significantly atrophic in patients with aMCI, whereas total hippocampus volume and other subfields were not. Total hippocampus volume in controls was age-related, whereas episodic memory was the main explanatory variable for both the total hippocampus volume and the subfields that were atrophic in patients with aMCI. Segmenting subfields increases sensitivity to diagnose aMCI from 40% to 73%.
CONCLUSIONS: Measuring CA2-3 and subiculum volumes allows a better detection of aMCI.
ABBREVIATIONS: AD ϭ Alzheimer disease; aMCI ϭ amnestic mild cognitive impairment; DG ϭ dentate gyrus; EC ϭ elderly control; EM ϭ episodic memory; MCI ϭ mild cognitive impairment; MMSE ϭ Mini-Mental State Examination a MCI is characterized by an EM deficit without significant impact in everyday life. 1 Many consider aMCI as a transitional stage toward AD, but at least 25% of cases will not evolve to AD. Therefore, surrogate markers are needed to better define early AD stages. 2 Mesiotemporal volumetry is a promising tool because it measures changes in the brain regions where the first AD lesions occur. Hippocampal atrophy has been demonstrated in AD and is also present in aMCI, though to a lesser extent: approximately 30% of MCI that will convert to AD in the next 18 months do not present significant hippocampal atrophy at baseline MR imaging. 3 Segmenting hippocampus subfields seems to be an attractive approach that allows an earlier and more accurate diagnosis of AD. Postmortem studies have indeed shown that some subfields may be preferentially affected in AD. 4 So far, only a few studies have addressed the issue, mostly by using a manual delineation of the hippocampus. 5, 6 In this way, it was suggested that AD patients display atrophy in CA1. 5 In aMCI, atrophy was shown in the CA1-CA2 boundary.
6 3D surface mapping of hippocampal atrophy also was performed in aMCI. 7 This technique avoids manual delineation, though loses quantitative information. Atrophy was found in areas corresponding to the subiculum and CA1. 7 Manual delineation is not applicable in clinical practice because this method requires considerable work (Ͼ2 days per subject!). Until recently, there was no automated method of segmentation applicable to the hippocampus substructures, but such a method has now been validated with high-resolution MR imaging. 8 We wanted to show that this automated technique is fast enough (Ͻ3 hours for a single subject) to enable routine analysis of the hippocampal subfields from standard clinical MR imaging. We postulated that some hippocampus subfields are specifically atrophic in aMCI and that measuring hippocampus subfield volumes will improve sensitivity of MR imaging to detect aMCI. If due to the disease, atrophy should be related to a decrease in EM performance in aMCI, whereas in healthy ECs hippocampus volume should be age-related.
Materials and Methods

Subject Characteristics
Thirty subjects took part in this study (15 with 
Imaging Acquisition Parameters
Imaging was performed by using an Achieva 3T MR imaging scanner (Philips Medical Systems, Best, the Netherlands) and an 8-channel phased array head coil. Whole brain anatomy was provided by a 3D fast T1-weighted gradient-echo sequence with an inversion prepulse in a plane oriented along the longitudinal axis of the hippocampus (TR ϭ 9 ms, TE ϭ 4.6 ms, flip angle ϭ 8°, 150 sections, thickness ϭ 1 mm, resolution ϭ 0.81 ϫ 0.95 mm 2 , scan time ϭ 491 s).
Data Analysis
Hippocampal Subfield Segmentation. The hippocampal segmentation was carried out by using 2 successive methods. The whole hippocampus was initially segmented by completing the FreeSurfer image analysis pipeline (Martinos Center for Biomedical Imaging, Boston, Massachusetts) that is documented and freely available for download on-line (http://surfer.nmr.mgh.harvard.edu/). The technical details of these procedures were described in previous publications. [10] [11] [12] [13] In brief, the processing relevant to this work includes removal of nonbrain tissue by using a hybrid watershed/surface deformation procedure, 12 automated Talairach transformation, and segmentation of the subcortical white matter and deep gray matter volumetric structures (including hippocampus, amygdala, caudate, putamen, and ventricles). 13 In subjects (2 cases) with substantial anatomic differences with respect to the template, ie, enlarged ventricles, the resulting segmentation of the subcortical structures was improved by a pair-wise registration of the subject images to training images. 14 We did not exclude these subjects to show that all clinical scans can be included in the second analysis part. Next, automated segmentation of the hippocampus to its respective subfields was performed by using Bayesian inference and a statistical model of the medial temporal lobe. An atlas mesh has been previously built from the manual delineation of the right hippocampus of 10 control subjects. 8 It was shown that the Dice overlap measures between manual and automated segmentation methods were approximately 0.7 for all the substructures (from CA2-3 and subiculum at 0.74 to CA1 at 0.62). For more details about this technique, and particularly about the borders used to define the different subfields, see Van Leemput et al.
8
Statistical Analyses. Because the atlas currently only includes right hippocampal subfields, we first evaluated left and right total hippocampus volumes in each group and we checked for the absence of significant lateralization effect. The right hippocampus was then segmented into 7 parts: CA1, CA2-3, CA4-DG, subiculum, presubiculum, fimbria, and hippocampal fissure. Statistical analyses were carried out by using STATISTICA version 9 (StatSoft France, Maisons-Alfort, France). We performed between-group comparisons with volumetric measurements as dependent variables and age and sex as covariates. We then evaluated in both groups which subfield volumes were explained by age or EM through a multiple linear regression, with sex introduced as a covariate in the model. Finally, we compared sensitivity and specificity of total hippocampus volume and the most relevant subfield volumes.
Results
The left and right hippocampus volumes were not significantly different in EC (F 1,14 ϭ 0.10; P ϭ .752) and aMCI groups (F 1,14 ϭ 0.01; P ϭ .996), allowing comparison of right hippocampal subfields.
Between-Groups Comparison of Volumetric Data
Total right hippocampus volume tended to be smaller in the aMCI than in EC group (P ϭ .055). CA1 (P ϭ .301), CA4-DG (P ϭ .127), fimbria (P ϭ .328), and hippocampal fissure (P ϭ .706) volumes were not significantly different between the groups (Fig 1) . By contrast, CA2-3 (P ϭ .038) and subiculum (P ϭ .046) were significantly smaller in the aMCI than in EC group, whereas presubiculum showed a similar trend (P ϭ .068; Fig 1) . A qualitative comparison between the hippocampus segmentation in 1 EC patient and in 1 patient with aMCI is presented in Fig 2. Relationship between Volumetric Data, Age, and EM Performance Total hippocampus volume was significantly explained by age in EC (P ϭ .017) and by EM performance in aMCI groups (P ϭ .027). Age tended to explain CA4-DG volume in ECs (P ϭ .061). EM explained CA2-3 (P ϭ .004), CA4-DG (P ϭ .002), and subiculum (P ϭ .006) volumes in the aMCI group (Table) .
Discriminative Power of Hippocampus Subfield Volumetry
The discriminative power (correctly classified subjects) of total hippocampus volume was 60%, for a threshold of 3250 mm 3 , with a specificity of 80% (EC correctly classified) and a sensitivity of 40% (aMCI correctly classified). Subiculum volume offered a discriminative power of 77% (threshold, 575 mm 3 ; specificity, 80%; sensitivity, 73%). Thus, 5 of 9 (56%) patients with aMCI without significant hippocampus atrophy were diagnosed by segmenting the subiculum. Similar results were obtained with the presubiculum (threshold, 440 mm 3 ;
Results of the multiple linear regression between volumetric data, age, and EM in ECs and patients with aMCI
Right Hippocampus EC (n ϭ 15) aMCI (n ϭ 15) specificity, 80%; sensitivity, 67%) and the CA2-3 (threshold, 865 mm 3 ; specificity, 87%; sensitivity, 40%).
Discussion
To the best of our knowledge, this is the first study to propose automated segmentation of the hippocampus in aMCI. We consider it important to notify clinicians about the availability of this technique and the ease of its use in clinical routine (only a standard volumetric MR imaging is needed). Most of the processing time does not need any labor and people already familiar with FreeSurfer would not need any further training because these algorithms are directly implemented in the software. It seemed from this study that segmenting subfields may allow improved sensitivity of MR imaging for early AD diagnoses. The present study is preliminary: follow-up of aMCI is ongoing to determine which proportion of convertors had early subiculum and CA2-3 atrophy. Larger groups of patients also will be necessary to confirm our results. Of note, although age is the main explanatory factor of hippocampus volume in EC; in patients with aMCI, it is the EM performance that better predicts both the total hippocampus volume and the subfields that were the most atrophic.
These results are somewhat different from the studies that applied a manual delineation 6 or 3D surface mapping. 7 This latest technique showed predominant subiculum atrophy in aMCI, 7 though it suffers from an inherent lack of sensitivity in estimating the deepest subfields, such as CA2-3. The most important difference compared with manual delineation studies is that we found significant CA2-3 atrophy, whereas Mueller and Weiner found CA1-2 atrophy. 6 In postmortem studies, it has been proposed that tau pathology first affects subfield boundaries, 15 which stresses the importance of delineation boundary choice in segmentation (what we define as subiculum is sometimes included in CA1). Specifically, the reproducibility of our method will permit more consistency between studies than is possible with manual methods. 8 Previous neuropathologic studies have shown that neuronal loss in the subiculum and CA1 are related to the severity of AD pathology. 4 However, a recent postmortem study showed that preclinical AD displays CA1 neuronal hypertrophy, rather than atrophy. 16 As we also studied predemential patients (aMCI), potentially presenting CA1 neuronal hypertrophy, it is not surprising that we did not find CA1 atropy on volumetric MR imaging. Besides, it has been proposed that CA3 was among the first subfields affected in aMCI due to the higher workload from synaptic plasticity requested by its involvement in associative memory.
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Conclusions
The involvement of the hippocampal subfields in predemential AD seems to be differential. We found a more pronounced atrophy in CA2-3 and in the subiculum. Automatically measuring hippocampus subfield volume seems to yield a promising surrogate marker with potential clinical and research applications. Segmenting hippocampal subfields is indeed feasible in clinical conditions (standard scanning conditions are sufficient; reasonable time of processing) and allows improved sensitivity to aMCI compared with total hippocampus volumetry.
